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Beginning of the Super-Soft Phase of the Classical Nova V2491 Cygni 
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We present the results of soft X-ray studies of the classical nova V2491 Cygni using the Suzaku observatory. On day 
29 after outburst, a soft X-ray component with a peak at ~0.5 keV has appeared, which is tantalising evidence for the 
beginning of the super-soft X-ray emission phase. We show that an absorbed blackbody model can describe the observed 
spectra, yielding a temperature of 57 eV, neutral hydrogen column density of 2x 10 21 cm -2 , and a bolometric luminosity 
of -~10 36 erg s _1 . However, at the same time, we also found a good fit with an absorbed thin- thermal plasma model, 
yielding a temperature of 0.1 keV, neutral hydrogen column density of 4 x 10 cm - , and a volume emission measure 
of ~10 58 cm -3 . Owing to low spectral resolution and low signal-to-noise ratio below 0.6 keV, the statistical parameter 
uncertainties are large, but the ambiguity of the two very different models demonstrates that the systematic errors are the 
main point of concern. The thin-thermal plasma model implies that the soft emission originates from optically thin ejecta, 
while the blackbody model suggests that we are seeing optically thick emission from the white dwarf. 



Classical novae are a class of cataclysmic variables, which 
occur in accreting binaries with a white dwarf and a late- 
type companion. Hydrogen-rich material is accumulated on 
the white dwarf surface. The surface temperature increases 
as the material accumulates. When the accreted material 
reaches a critical mass for nuclear fusion, an thermonuclear 
runaway process ignites on the white dwarf surface. A re- 
view of the evo l ution of classical novae can be found in e.g., 
Stan-field et all d2008l) . 

After outburst, the system is expected to display X-ray 
emission via different mechanisms: (1) Non-thermal emis- 
sion has recently been reported Lfromjhedassical nova V2491| we have to estimate the turn-on and turn-off time of SSS 
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cur after the wind stops, and the SSS phase fades out once 
the nuclear fuel on the white dwarf surface is consumed. 
Meanwhile, recent observations have shown that significant 
wind velocities can still be detected during the SSS phase 
(see contribution by Ness in this same journal). It is diffi- 
cult to estimate the effects of the expansion on model light 
curves, and, ultimately, the white dwarf mass that would 
be derived from models that account for the continued ex- 
pansion during the SSS phase. More advanced models are 
clearly needed, nevertheless, the duration of the SSS phase 
is an important observational quantity that will always be 
needed to determine the white dwarf mass. 

In order to determine the duration of the SSS phase, 



Cygni by the Suzaku satellite dTakei et alj|2009al) . (2) Thin 
thermal plasma emission from adiabatic shocks has been 
reported in some classic al novae, mainly in data taken wit h 
the Swift satellite (e.g jBode et alfeOOfilNess et alj2009ah . 
(3) Photospheric emission from a hot layer of a white dwarf 
surface, which is characterised by bright, soft blackbody- 
like continuum emission and absorptio n lines, similar to the 



emission. For both quantities, dense observations in time 
are needed, and intensive monitoring campaigns are cur- 
rently being performed with Swift (see, e.g., the contribu- 
tions by Beardmore and by Osborne in this same journal). 
However, the turn-on time is particularly difficult to be esti- 
mated because we need to discriminate SSS emission from 
other sources of X-ray emission. For example, in RS Oph, 
class of Super-Soft X-ray Sources (SSS: lKahabka & van den Hsieaafr cant shock emission was present during the early times| 
1997b . and faded on a time scale of ^30 days. When the SSS phase 

Following from various arguments, the time scale of SSS| started around da Y 30 after outburst, some shock emission 
emission is a function of the white dwarf mass and t he chem-1 was s t' 11 present that may contaminate the SSS emission 
ical composition of the post-o utburst envelope (e.g., Hachisu & fea$o^ es s e *- al. ||20 Q9b). 



Rohrbach et al. (2009) analysed three Chandra ACIS spec-| 



2006; ISala & Hemanzl l2005). The optically thick wind the- 
ory is an approach to mo del SSS light curves with some tra of V1494 Aql obtained on days 134, 187, and 248 after 
simple assumptions (e.g., Hachisu & Katol 2005 2006b . In outburst, and interpreted a soft excess in the last observa- 
this theory, the onset of the SSS phase is assumed to oc- tion as SSS emission. However, in the two earlier ACIS 
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spectra, emission lines from N were present at the same 
energies. They emphasised that the soft component in all 
three ACIS spectra could equally well be fitted by a black- 
body or a thin-thermal plasma model with high N or O 
abundance. The conclusion of SSS emission in a CCD-type 
spectrum has thus to be treated with care, because the en- 
ergy resolution i s no t high enough to compare these models. 
Rohrbach et al. I (l2009h had additional high-resolution Chan- 



dra LETGS spectra at their disposal that clearly showed 
that the soft component was atmospheric rather than thin- 
thermal emission. For these purposes, it is thus mandatory 
to observe with high energy resolution with sufficient sensi- 
tivity at soft X-ray energies so that different models can be 
distinguished. 

In this paper, we present the results of soft X-ray studies 
of the classical nova V2491 Cygni using the Suzaku obser- 
vatory. Suzaku has taken two observations during the early 
phase, and the X-ra y CCDs aboard Suz aku provided X-ray 
spectra of this nova (Take i et al.ll2009 abl) . A tantalising hint 
of SSS emission was seen on day 29, although it provides 
several different interpretations at the same time. We discuss 
different possibilities of interpreting the soft component. 

2 V2491 Cygni 

The classical nova V2491 Cygni was discov ered on 2008 



April 10.728 UT in the constellation Cygnus dNakano et al 



2008) . The nova wa s classified as an extremely fast nova 
(Tomov et al. 2008at) from a rate of decline of t2 ~ 4.6 d 
(ITomov et al. 2008b), where t-i is the time to fade by 2 mag 
from the optical maximum magnitude. Based on an em- 
pirical relation between the maximum magnitude and the 
rate o f decline among classical novae ddella Valle & Liviol 



1995), the distance was estimated as 10.5 kpc dHelton et al.l 
2008). As a consequence of the fast evo lution, the white 



dwarf mass can be expected to be high (Hachisu & Katol 



2009). 



Intensive monitoring observation s were conducted b 
the Swift X-ray satellite after outburst dKuulkers et al.l200: 



Osborne et al.ll2008t iPage et al.l l2008 2009). No significant 
X-ray emission was found on day 1, but it was detected 
on day 5. During the early phase, the Swi ft spectrum ex- 



hibited extremely hard continuum emission (Kuulkers et al. 



2008). A Suzaku observation was also conducted on day 
9, in w hich the soft X-ra ys below ~1 keV were highly ab- 
sorbed ( Ta kei et al . 2009a). We requested another Suzaku 
observation to follow the evolution, and various emission 
lin es as well as a hint of SSS emission were found on day 
29 (ITakei et al.l2009bl) . A harder spectral component is well 
fitted with a thin-thermal plasma model, however, the spec- 
tra show clear signs of attenuation in the 0.6-0.8 keV range, 
and the soft component cannot be fitted with the same model 
as the hard part of the spectrum (see, in the bottom right 
panel in figure Q]). The full spectral ana lysis of the Suzaku 
data is presented by lTakei et all d2009bl) . The X -ray bright- 



a soft and bright X-ray spectrum on day 36 dOsborne et al 



2008). XMM-Newton observations were also conducted on 



ness increased after the Suzaku observations, and Swift recordedlx 10 36 erg s 1 



days 4 and 50, after the nova had entered the typical SSS 
phase dNess et al.ll2008dbl) . 



3 Observations and reduction 

V2491 Cygni was observed with Suzaku on day 29. Suzaku 
provides si multaneous observ ations with two instruments in 
operation (Mitsuda et al. 2007): the X-ray Imaging Spec- 
trometer (XIS jlKovama et al|2007h and the Hard X-ray De - 
tector (HXD: iKokubun et alj|2007t iTakahashi et~ai]|2007l) . 
which cover the energy range of 0.2-12 keV and 10-600 keV,| 
respectively. In order to understand the soft X-ray evolu- 
tion, we concentrate on the XIS spectrum. XIS is equipped 
with four X-ray CCDs at the foc i of four X-ray telescope 
modules dSerlemitsos et al.ll2007l) . Three of them (XIS0, 2, 
and 3) are front-illuminated (FI) CCDs, sensitive in a 0.4- 
12 keV energy range, and the remaining one (XIS1) is a 
back-illuminated (BI) CCD, sensitive at 0.2-12 keV. XIS2 
has not been functional since 2006 November, and we use 
the remaining CCDs. XIS was operated in normal clock- 
ing mode with a frame time of 8 s, and the net exposure 
time is 25 ks. For details of the extraction procedure, we 
refer to lTakei et al. ( 2009b ). In order to understand the soft 
X-ray component, we fitted the respective FI and BI spec- 
tra between 0.4-0.6 keV and 0.2-0.6 keV by two different 
models. 



4 Spectral Analysis 

The spectrum shows a clear detection of a soft X-ray excess 
below 0.6 keV (figure[T|i. SSS emission is the most straight 
forward interpretation, however, emission lines from C, N, 
and O from thin-thermal plasma may also expla in the spec- 
trum in this energy band. This is a similar case as Rohrbach et al.^ 
(2009). A large source of uncertainty, especially in the soft 
band, is the large effect of interstellar plus possibly circum- 
stellar absorption. In the following sections we present two 
model approaches to the soft spectra. The fitting was per- 
formed with Xspec, where we used the s ame interstellar ab- 
sorption model (TBabs module in Xspe dWilms et alJ2 000).| 
Owing to the low signal-to-noise ratio, we u se Cash stat is- 
tics for the determination of a best-fit model dCashll 1979b . 

4.1 Blackbody 

First, we fitted the spectrum with an absorbed blackbody 
model. With this model we test the possibility that the emis- 
sion originates from the photosphere of the hot, extended 
white dwarf. The best fit yields a blackbody temperature of 
57±6 eV and an interstellar extinction of 2±1 x 10 21 cm -2 
with uncertainties of the 90% confidence range. The nor- 
malisation corresponds to a bolometric luminosity of (0.5- 



assuming a distance of 10.5 kpc by Helton et aH 
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Fig. 1 Background-subtracted XIS spectra and the best- 
fit blackbody model on day 29 (see ^4. lb . The spectra are 
shown in pluses representing the error bars. The different 
colours represent the two instruments as indicated in the 
top left legend. The best-fit models are shown with solid 
lines for each instrument. The inset shows the hard BI spec- 
trum and the best-fit th in-thermal plasma model presented 
by iTakei et all (l2009bl) . illustrating the need for an addi- 
tional component. 
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Fig. 2 Same as Fig. [T] with the best-fit VAPEC model (see 
S3. 



(2008). The bolometric luminosity and the blackbody tem- 
perature yield a radius of the sphere to be (470-1900) km 
for the 90% confidence level. The best-fit model is shown 
in comparison to the FI and BI spectra in figureQ] The Cash 
goodness criterion is 17.18 with 21 bins. 

4.2 Thin-thermal plasma 

Next, we fitted the spectrum wit h a thin-thermal p lasma 
model (VAPEC module in Xspec; ISmith et alj|200ll) . This 



model represents optically thin plasma in collisional equi- 
librium with variable abundances. We allowed the parame- 
ters temperature, interstellar extinction, normalisation, and 
elemental abundances of C, N, and O to vary as free param- 



eters while fitting the spectrum. The other abundances were 
fixed at solar abundances. The best-fit result is a temperature 
of ~0.1 keV, an interstellar extinction of ~4xl0 21 cm -2 , 
and abundances for C, N, and O of 90, 10, and <6 times so- 
lar, respectively. The normalisation corresponds to a volume 
emission meas ure of ~10 58 cm" 3 , assuming the distance 



of 10.5 kpc by Helton et al.1 (12008I) . The best-fit model is 
shown in comparison to the FI and BI spectra in figure [2] 
The Cash goodness criterion is 17.30 with 21 bins. 

5 Discussion 

The objective of this study is to understand the origin of the 
soft-band excess emission peaking at ~0.5 keV in a Suzaku 
observation taken 29 days after outburst. We have used two 
different model approaches in ^4. H and ^4.21 Figures[T]and|2] 
show that both models are good representations of the data. 
While the Cash values of 17.18 and 17.30 are not a quan- 
titative quality criterion, their difference sc ales like the dif- 
ference of x 2 (Wilks theorem: lwilkslll938l) . If two fits with 
Cash values that differ by more than 1 (in the case of one 
free parameter), then the fit with the lower value is better 
with a probability of 68.3%. In our case with more than one 
free parameter and a difference much less than 1, the two fits 
are clearly not different in their ability to reproduce the data. 
The data alone are thus not sufficient to distinguish between 
these two models, and both models have to be discussed. 

The blackbody temperature is within the typical range 
of SSS spectra of classical novae, but the bolometric lu- 
minosity appears rather low compared to th e luminosities 



that h ave been derived for other novae (e.g.. iRrautter et al. 



1996). Meanwhile, the luminosity is comparable to that de 
rived from blackbody fits to the persistent SSS CAL83, 
but the blackbody t emperature is significantly higher (e.g., 
Grein er et al. Il99ll) . This is the reason why the derived ef- 
fective radius is relatively small. While the 90% confidence 
range allows a physically realistic radius of 1900 km, it has 
to be noted that blackbody fits to SSS spectra have the ten- 
dency to o verestimate the bolo metric luminosity and thus 
the radius ( Krautter et al.ll 19961) . With the small radius that 
we found from the blackbody fit, the interpretation of the 
soft emission as originating from the extended atmosphere 
around the white dwarf, thus implies a very small photo- 
spheric radius. However, it can not be smaller than the ra- 
dius of a white dwarf ne ar the Chandrasekhar limit (e.g., 
Hamada & Salpeterlll96ll) . In contrast, the emission mea- 
sure of the thin-the rmal plasma model is also within the 



typica l range (e.g., Her nanz & Sa la 2007; Tsuii moto et al. 



2009). Assuming that the plasma density is uniform and that 
the expansion velocity has not changed, the observed value 
corresponds to a plasma density of >10 6 cm -3 , which is 
also a possible limit of novae. 

An obstacle on our way to interpret the soft compo- 
nent as first evidence of SSS emission, and thus the onset 
of the SSS phase, is the fact that a completely different 
model can also explain the observations. The thin-thermal 
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plasma model presented in ^4.2l vields an adequate fit to the 
data and must thus be considered for finding the origin of 
the emission. A possible source for optically thin emission 
are kinematic interactions of the ejecta with the surrounding 
medium (e.g., a planetary nebula like in GK Per or the inter- 
stellar medium) or within the ejecta. In other novae, such 
origins have been concluded from observations of so-called 
'early hard' emission, where th e observed spectr a could be 
fitted with APEC or MEKAL dMewe etalJI 19851) models. 
The classical nova V2491 Cygni has been obs erved with 
extrem ely high velocities (e.g., 3300 km s _1 ; iNess et al.l 
2008al) and such high velocities can very well dissipate sig- 
nificant amounts of energy in thin-thermal radiation. The 
spectral an a lysis of the full Suzaku data are presented by 
Take i et al. (2009b), and a harder spectral component that 
can only be fitted with a thin-thermal model has been de- 
tected for days 9, 29, 40, and 50. Between days 9 and 29, 
this component has experienced a significant reduction in 
temperature. It can thus not be excluded that the soft compo- 
nent on day 29 has at least partly the same origin. While the 
soft component and the harder thin-thermal component can 
not be fitted with the same model, it has to be kept in mind 
that we used an isothermal model while the true plasma is 
likely not isothermal. With better spectral resolution, the ap- 
proach of fittin g an emission measure distribution as intro- 
duced by lNess et alJ (I2009bl) is more appropriate, and a sig- 
nificant amounts of cooler plasma may be present that can 
account for the soft component. 

6 Summary and Conclusions 

The fast nova V2491 Cygni has been observed on days 9 
and 29 after outburst with Suzaku. The first observation 
showed a non-thermal component and an optically thin ther- 
mal plasma compo nent with a temperature of ^2.9 keV 
(Take i et al . 2009a). Later, on day 29, the non-thermal com- 
ponent has disappeared, and the thin-thermal co mponent 
has a s ofter spectrum, yielding a lower temperature dTakei et 
2009bl) . In addition, a super-soft component with a peak at 
0.5 keV was present. The origin of this component can ei- 
ther be first light of the SSS phase, or it could be the soft 
extension of the thin-thermal plasma component. With the 
given combination of limited spectral resolution and soft 
sensitivity, we can not distinguish between these two pos- 
sibilities. Technically, both scenarios are possible and plau- 
sible. Depending on the correct interpretation, the duration 
of the SS S phase cou ld be different by about a week. Ac- 
cording to lPage et al.1 (12009b . the SSS phase started between 
days 36 and 42. If the soft component detected by Suzaku is 
indeed SSS emission, then the start of the SSS phase would 
be at least one week earlier. 

Central to addressing such questions is the spectral res- 
olution. In high resolution, one could clearly distinguish be- 
tween SSS and a thin-thermal plasma emission. The results 
of this work are one example that demonstrates the need for 
high spectral resolution with sufficient sensitivity at soft en- 



ergies that would have to be implemented in future X-ray 
observatories like the International X-ray Observatory. 
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